Abstract The cytoskeleton framework is essential not only for cell structure and stability but also for dynamic processes such as cell migration, division and differentiation. The F-actin cytoskeleton is mechanically stabilised and regulated by various actin-binding proteins, one family of which are the filamins that cross-link F-actin into networks that greatly alter the elastic properties of the cytoskeleton. Filamins also interact with cell membraneassociated extracellular matrix receptors and intracellular signalling proteins providing a potential mechanism for cells to sense their external environment by linking these signalling systems. The stiffness of the external matrix to which cells are attached is an important environmental variable for cellular behaviour. In order for a cell to probe matrix stiffness, a mechanosensing mechanism functioning via alteration of protein structure and/or binding events in response to external tension is required. Current structural, mechanical, biochemical and human disease-associated evidence suggests filamins are good candidates for a role in mechanosensing.
Introduction
The integration of the cell's structural framework, the cytoskeleton, with membrane remodelling and cell adhesion is crucial as cells move, change shape, divide and transduce signals in response to their external environment. These cellular properties depend on the dynamic regulation of the filamentous F-actin cytoskeleton by families of actinbinding proteins. In addition to biochemical signals, developmental and cellular processes involving the cytoskeleton are modulated in response to external force and the stiffness of the extracellular (EC) substrate (Alenghat and Ingber 2002) . For example, the load-dependent growth of bone has been established for over 100 years (Wolff 1892) , with the increased bone mass in professional tennis players' racquet arms (vs the non-playing arm) (Jones et al. 1977) and the loss of bone density in astronauts exposed to reduced gravity (Carmeliet et al. 2001 ) being welldocumented examples. In addition to the maintenance and growth of mature bone, the appropriate sensing of the EC substrate by embryonic mesenchymal stem cells (MSC) is crucial for cell differentiation during development (Discher et al. 2009 ). MSCs commit to a bone-forming osteoblast lineage upon interaction with a rigid substrate while intermediate or softer matrices direct MSCs to muscle or neuronal cell fates, respectively (Engler et al. 2006) . A mechanosensing system allowing a cell to probe its external substrate involves balancing cell-generated cytoskeletal tensional forces (F cytoskeletal ; Fig. 1 ), generated from motor protein ATP hydrolysis and active filament polymerisation, against extracellular substrate stiffness (F matrix ; Fig. 1 ). Additionally, an elastic internal cytoskeletal network must resist excessive applied force to prevent cell death but remain elastically deformable for signalling responses to force within a physiological range (10-100 pN) and yet still be readily altered to allow motility and cell membrane remodelling (Discher et al. 2005) . Actin binding proteins and their functional partners are responsible for the alteration of F-actin properties that allows the cell to adopt varying states of viscoelasticity.
Filamin domain organisation and structure
The filamins (FLN) are a family of actin binding proteins that can convert, via non-covalent cross-linking, a solution of semi-flexible F-actin filaments into a gel of increased elastic stiffness at a critical concentration of FLN (Wang and Singer 1977) . The FLNs are found in animals, amoeba and at least one excavate, suggesting that FLNs arose early in evolutionary terms in ancestral eukaryotes that utilised an actin-based amoeboid motility mechanism (Fritz-Laylin et al. 2010) . The human genome contains three FLN genes, filamin A (FLNA), FLNB and FLNC (Stossel et al. 2001) . FLNA and FLNB are widely expressed , while FLNC expression is more restricted in cardiac and skeletal muscle (Maestrini et al. 1993) . Human filamins are homodimeric with each ∼280-kDa monomer comprising an N-terminal actin binding domain (ABD) followed by a rod region of 24 immunoglobulin (Ig)-like repeat domains interrupted by two hinges located between repeats 15 and 16 (hinge 1), and between 23 and 24 (hinge 2). Dimerisation occurs in a tail-to-tail manner ) via the Cterminal repeat 24 ( Fig. 1) (Himmel et al. 2003) . Filamin structures exhibit a large radius of gyration in which the flexible rod domains can adopt a variety of structures while remaining dimeric.
The FLN ABD (30 kDa), composed of two calponin homology (CH) domains, is required for F-actin binding (Bresnick et al. 1990 ) and has a structure conserved with related F-actin binding proteins including dystrophin, α-actinin, β-spectrin, fimbrin and utrophin Sawyer et al. 2009 ).
The filamin repeat domains (11 kDa) adopt an immunoglobulin domain β-sandwich fold comprising stacked threestranded and four-stranded β-sheets (Fucini et al. 1997) . The structures of FLNA repeat 21 and β7-integrin peptide (Kiema et al. 2006) , and repeat 17 in complex with the GPIbα peptide , have defined the molecular interactions between FLNA repeat domains and these membrane receptors. The structure of FLNA repeats 19-21 strikingly revealed that the repeats do not necessarily fold linearly as distinct domains (Lad et al. 2007 ). Domain 21 is positioned between repeats 19 and 20 (Fig. 2) , with repeat 20 partially unfolded contributing its N-terminal β-strand (strand A) to the β-integrin binding site on repeat 21 (Kiema et al. 2006) . A mechanism proposed for mechanosensing, supported by molecular dynamics calculations, involves a force (Kesner et al. 2009; Pentikainen and Ylanne 2009 ) and/or phosphorylation-induced (Chen et al. 2009 ) conformational change displacing this domain-swapped β-strand uncovering this cryptic β-integrin binding site recruiting FLN to adhesion sites (Lad et al. 2007) . Sequence and structural analysis has revealed that FLN repeats exist as domain pairs e.g. 16/17, 18/19 and 20/21 (Lad et al. 2007; Heikkinen et al. 2009 ) with multiple β-integrin interaction sites functionally identified (Ithychanda et al. 2009 ).
In addition to F-actin binding, FLN dimerisation via its C-terminal repeat domains is central to actin cross-linking ability (Davies et al. 1980; Himmel et al. 2003) . The dimerisation domain is required to rescue a defective chemotaxis phenotype in dictyostelium FLN (ddFLN) null mutants (Khaire et al. 2007) , and a truncating mutation within human FLNC repeat 24 is associated with myofibrillar myopathy (Vorgerd et al. 2005) owing to protein aggregation from reduced dimerisation and stability (Lowe et al. 2007 ). The issue of whether FLNs can heterodimerise is not fully resolved; FLNB/C repeat 24 heterodimers were observed by in vitro cross-linking assays, but the combinations of FLNA/B or FLNA/C were not (Himmel et al. Fig. 1 Schematic representation of filamin cross-linking F-actin and clustering integrin receptors at the plasma membrane (Ithychanda et al. 2009) (Sheen et al. 2002) .
Filamin cellular functions
Over 70 binding partners for FLN have been identified (reviewed in Sarkisian et al. 2008) , with the most well characterised being the interaction with F-actin with the FLN ABD (Hartwig et al. 1980 ) and a second site within repeats 9-15 of the rod domain ). Factin polymerisation is a local phenomenon in cells prevalent at the cell membrane and around extracellular matrix contact focal adhesion sites (Pollard and Cooper 2009) where FLN is also localised (Langanger et al. 1984; Nikki et al. 2002) . FLN binds F-actin with moderate affinity K d 0.13-3.2 μM (Nomura et al. 1987; Ohta and Hartwig 1995) , an interaction that can be regulated by inositol phospholipids (Furuhashi et al. 1992) , Ca 2+ -calmodulin (Nakamura et al. 2005 ) and phosphorylation (Ohta and Hartwig 1995) . Most actin binding proteins have affinities for F-actin in the μM range suggesting that having many interaction partners with moderate binding affinity conveys a high degree of dynamic elasticity upon the Factin cytoskeleton (Goldmann et al. 1997) .
The interaction of FLN C-terminal domains with membrane bound receptors provides a link between the Factin cytoskeleton and focal adhesions important for a role in mechanotransducing substrate stiffness and/or externally applied force to biochemical signalling pathways. The cytoskeleton bears loads applied externally to cells, and tension generated intracellularly by motor proteins, via EC matrix attached integrins that bind FLN and other cytoskeletal proteins (Sharma et al. 1995; Loo et al. 1998 ) mediating extracellular signalling and adhesion with cytoskeletal organisation. FLNA is required for cell membrane structure and stability, protecting cells from force-induced cell death via an integrin-dependent mechanism (Glogauer et al. 1998) for which the FLN ABD is essential (Kainulainen et al. 2002) . Additionally, FLNA targets FLNA-binding RhoGTPase-activating protein (FilGAP) to sites of force application resisting force-induced cell extension that can lead to cell death (Shifrin et al. 2009 ). Intracellular connectivity through integrins and adaptor proteins like FLN are implicated in mechanisms by which cells sense the rigidity of their anchoring matrix and respond by rearranging their actin cytoskeleton central to cellular mechanotaxis (Choquet et al. 1997) . When external force is applied to integrins, forces are transmitted via cytoskeletal filaments leading to physical rearrangements at the nucleus (Maniotis et al. 1997 ) with upregulation of FLNA expression (D'Addario et al. 2001) . FLN shows differential affinities for different β-integrin isoforms (Pfaff et al. 1998) , and the location of multiple integrin binding sites along the rod domain suggests that FLN may be responsible for integrin clustering (Ithychanda et al. 2009 ) leading to the inhibition of cell migration and polarisation via reduced membrane remodelling (Calderwood et al. 2001) .
FLNA integrates cytoskeletal organisation and signalling events through further protein-protein interactions mainly with repeat domains 15-24. FLN is associated with the GTPases RhoA, Rac, Ral and Cdc42 (Marti et al. 1997) , and upstream/downstream effectors guanine nucleotideexchange factors and activators, e.g. FilGAP (Ohta et al. 2006; Bellanger et al. 2000; Pi et al. 2002) involved in the dynamic regulation of the cytoskeleton. FLNA is a substrate for multiple kinases (reviewed in Sarkisian et al. 2008 ) depending on whether or not its actin bound (Kawamoto and Hidaka 1984) , with its cross-linking activity itself regulated by phosphorylation (Cukier et al. 2007) . FLN is a substrate for the Ca 2+ -activated protease calpain (Gorlin et al. 1990 ) and for the ASB2 ubiquitin ligase (Heuze et al. 2008 ) which provide irreversible regulatory mechanisms for severing FLN cross-links in processes requiring membrane and cytoskeleton remodelling such as cell migration (Marzia et al. 2006; Baldassarre et al. 2009 ) and receptor cycling (Seck et al. 2003 ). FLN's role in cell motility and spreading appears to be cell-type dependent. Melanoma cell lines (M2) that lack FLNA show impaired motility with cytoskeletal blebbing defects and reduced cellular elasticity that can be rescued by the transfection of FLNA (Cunningham et al. 1992 ) increasing β-integrin Fig. 2 Structural cartoon representation of filamin A repeat domains 19-21 (Lad et al. 2007) showing the non-sequential nature of the repeat domains and the N-terminal strand A of repeat 20 contributing to the domain structure of repeat 21 covering the β-integrin binding site. The figure was prepared with PYMOL (DeLano 2002) localisation at the membrane (Meyer et al. 1998) . FLNA null mouse embryonic fibroblasts (Hart et al. 2006) , neural crest cells (Feng et al. 2006 ) and FLNA missense mutant human fibroblasts show no motility phenotype, whereas downregulation of FLNA expression leads to increased breast tumour cell line motility via a mechanism in which FLNA regulates focal adhesion disassembly in a calpain-dependent manner (Xu et al. 2010) . Simultaneous knockdown of both FLNA and FLNB, or increased proteasomal degradation of all three FLNs, results in a defect in initiation of HT1080 cell motility and spreading (Baldassarre et al. 2009 ).
Filamin biomechanics
The hypothesis that FLN acts as a molecular spring was initially formulated upon sequence analysis of FLN domain structure (Gorlin et al. 1990 ) with subsequent analysis of its biomechanical and structural properties showing it suited to a cellular role regulating both the organization and mechanics of F-actin networks. FLN is found in the F-actin rich region near cell membranes where fast remodelling of the cytoskeleton is required, e.g. the leading edge during cell motility, but these regions also require reasonable stiffness for cell adhesion traction and actin polymerisation against the cell membrane (Pollard and Borisy 2003) .
The defining activity of FLN is the ability to convert a population of non-linked fluid-like F-actin filaments into an orthogonal network structure or gelated state of rigidity proportional to the molar ratio of FLN to F-actin (Wang and Singer 1977) . FLN is the most powerful F-actin crosslinking protein characterised, requiring a minimal concentration to cause gelation with the threshold determined as a relative FLN:actin monomer molar concentration of ∼1:200 (Tseng et al. 2004) compared to a physiological ratio of ∼1:50-100 (with actin concentration 25-72 uM (Gardel et al. 2006) ). Tighter F-actin bundles and decreased actin filament turnover are observed when the FLNA concentration is increased (Nakamura et al. 2002; Schmoller et al. 2009 ). F-actin/FLN networks can show differing rheological properties depending on the concentration of FLN. At higher relative molar FLN concentrations (FLN:actin> 1:200), FLN-F-actin networks undergo stress stiffening under applied force with increased elastic modulus enabling cells to respond to substrate of increasing stiffness, e.g. up to 40 kPa for bone (Engler et al. 2006 ). In contrast, at lower relative FLN cross-link concentrations, F-actin networks are more dynamic and can be considered as weakly elastic solids that can soften in response to stress (Tseng et al. 2004 ). M2 FLNA null cells are softer and lose the ability to actively tension their cytoskeleton for mechanosensing external substrate stiffness compared to equivalent cells expressing FLNA ). The mechanical properties of the cross-linked F-actin cytoskeleton rely on the length and conformational flexibility of FLN molecular structure in contrast to more rigid cross-links (Kasza et al. 2010) . By cross-linking F-actin into bundles, FLN acts to increase the apparent length of F-actin filaments with increased networking and shear resistance (Cortese and Frieden 1990) . Other actin binding proteins, e.g. gelsolin, can antagonise the effect of FLN by shortening F-actin filaments and reducing network elasticity (Kasza et al. 2010) . The ability to tune the elasticity of the cytoskeleton appears to be crucial for the maintenance of cell morphology under different conditions and also for key cellular processes such as differentiation, polarisation, phagocytosis, cell division and motility. Differential splicing provides an alternate mechanism for producing FLN isoforms of altered biomechanical properties; FLNB can be differentially spliced so that only the hinge I region is excluded from the translated protein ). FLNA and FLNB respond similarly during in vitro rheological measurements showing resistance to 30-and 10-Pa shear stress, respectively, but in contrast, FLNA/B isoforms missing the first hinge region showed decreased elasticity in response to applied stress breaking at lower applied stress, 0.1 Pa, even though the cross-linking gelation concentration was equivalent to full-length FLN (Gardel et al. 2006 ). The absence of hinge I also affects regulation of cross-linking by proteolysis since this hinge contains the calpain cleavage site (Gorlin et al. 1990) .
FLN cross-linked F-actin networks have mechanical properties that depend on the attachment kinetics and elasticity of FLN. Deformation of the FLN cross-linked Factin network in response to applied stress can be achieved by detachment of the FLN cross-links from F-actin thus being dependent on the F-actin binding affinity (K d ) or the FLN dimerisation dissociation constant. An alternative mechanism is that the F-actin network remains crosslinked with FLN domains unfolding and hinge regions undergoing conformational rearrangement in response to applied tension (Fig. 3) . The relative force required to break the attachment of FLN to F-actin and/or FLN dimerisation compared to the force required to unfold individual FLN domains is critical for evaluating these alternative but not mutually exclusive mechanisms. Optical tweezer force microscopy of FLN cross-linked F-actin at different force loading rates gave rupture forces of ∼40-60 ± 20 pN leading to the conclusion that unbinding events were more common than unfolding events at low loading rates though potential unfolding events were also observed (Ferrer et al. 2008 ). This observation infers that F-actin unbinding and FLN domain unfolding events are close in energy providing alternate or complementary mechanisms for force responses. Atomic force microscopy has lead to a minimal estimate for the force required to rupture ddFLN dimerisation of 200 pN suggesting that domain unfolding is likely to occur before dimer dissociation (Schwaiger et al. 2004 ). The FLN F-actin K d is in the low μM range while the K d for dimerisation is undetermined for full-length FLN but is likely to be low as FLN is normally isolated as dimers with no monomeric species seen by analytical ultracentrifugation at 0.7-2 μM (Hartwig and Stossel 1981) . The FLNC dimerisation K d for isolated repeat 24 is 2.5 μM, but it is likely that dimerisation is augmented through interactions with hinge II (Himmel et al. 2003) . Atomic force microscopy force extension of FLNA dimers show reversible unfolding of FLN repeat domains with a force range of 50-220 pN and a stretching distance distribution around 30 nm meaning that FLN can be extended to several times its native length (Yamazaki et al. 2002) . Molecular dynamics calculations yield similar forces broadly within the same extension range (Kolahi and Mofrad 2008) . It has been proposed that a common folding pathway is shared between domains of the immunoglobulin fold superfamily (Clarke et al. 1999 ), but it remains to be determined if forced unfolding properties are conserved with structure. Single molecule AFM revealed that most ddFLN repeat domains unfold via a two-state mechanism but repeat 4 exhibited a stable intermediate state consisting of the five C-terminal β-strands (Schwaiger et al. 2004 ) with unfolding of the N-terminal two strands the first event. The first event during forced unfolding of titin immunoglobulin domain 27 also occurs via the dissociation of the N-terminal two β-strands (Marszalek et al. 1999) . Modelling FLN-actin networks has shown that under strain a large fraction of FLN involved in cross-links is on the brink of unfolding (DiDonna and Levine 2007) consistent with a hypothesis of force-induced FLN unfolding to uncover cryptic binding sites to facilitate mechanosensing. It has been shown that forces as low as 2-12 pN applied to the cytoskeletal protein talin activates vinculin binding (del Rio et al. 2009 ). The biomechanical properties of FLN are consistent with a protein that must exhibit a degree of plasticity; deforming to resist/sense external force transducing force/stiffness signals into biochemical cues for downstream cellular events.
Filamin associated diseases
Given the near-ubiquitous distribution of FLNA and FLNB and the large number of interaction partners, it is perhaps not unexpected that absence or alteration of FLNA/B function results in abnormal cellular events leading to human diseases, as previously mentioned for FLNC. Lossof-function mutations in X-linked FLNA are associated with the brain malformation disorder, periventricular nodular heterotopia (PH) , typically male embryonic lethal and underlying abnormal neuronal migration during brain development causing seizures in females (Moro et al. 2002) . FLNA missense mutations are associated with the otopalatodigital spectrum malformation disorders (OPD) primarily affecting skeletal development, clinically distinct from PH (Robertson et al. 2003) . In parallel, loss-of-function mutations in FLNB are associated with spondylocarpotarsal synostosis syndrome, and dominant gain-of-function missense mutations are associated with the atelosteogenesis group of skeletal malformation (Krakow et al. 2004) . The clinical distinction, mode of inheritance of the FLN gain-of-function phenotypes, FLN expression and increased actin binding activity of disease-associated mutant FLNs are consistent with a gain/alteration of FLN function mechanism for these disorders (Robertson et al. 2003; Sawyer et al. 2009; Clark et al. 2009 ). FLNB is highly localised along the human growth plate and in the cartilage of developing vertebrae (Krakow et al. 2004) , though the role that FLN plays in bone development remains unclear. The challenge now is to identify what properties of FLN are altered and the downstream consequences that lead to these diseases. The final differentiation of bone-forming osteoblast cells to bone remodelling osteocytes is accompanied by alterations to the distribution of FLN, so how FLN's molecular properties facilitates this redistribution would appear crucial for correct bone patterning (Kamioka et al. 2004 ). The cytoskeleton is central to the mechanism by which osteocytes sense fluid shear stress and transduce mechanical signals via an integrin-mediated mechanism to downstream signalling events that impact on bone growth (Burra et al. 2010; Wang et al. 2007) . Mechanisms may involve force-sensitive control of transcription factor activity by retaining regulatory partners in the cytosol; FLN associates with Smads (Sasaki et al. 2001; Zheng et al. 2007 ) and PEBP2β (Yoshida et al. 2005) , proteins that regulate RUNX2 an important transcription factor regulating bone formation (Huang et al. 2001) .
Precedents exist for disease mechanisms involving altered biomechanical properties of F-actin binding cytoskeletal proteins. α-actinin 4 missense mutations underlie the autosomal dominant kidney disorder, focal segmental glomerulosclerosis (Kaplan et al. 2000) , and are associated with increased F-actin affinity leading to cross-linking at a lower concentration of α-actinin 4 (Weins et al. 2007 ). The viscoelastic properties of mutant α-actinin 4 cross-linked Factin networks show relaxation frequencies lowered by an order of magnitude owing to a reduced off rate of the mutant compared to wild-type (Ward et al. 2008 ). The networks cross-linked by mutant α-actinin 4 also displayed a more prominent elastic plateau resulting in a more solid network, which could be replicated by increasing concentration of wild-type α-actinin 4. In another example, mutations in the polymeric keratin 5 and 14 intermediate protein filaments, associated with epidermolysis bullosa simplex, reduce the length and the elasticity of keratin filament networks in response to large deformations .
A model with FLN as part of a molecular mechanosensor seems appropriate with reference to FLN gain-offunction missense mutations. Mechanosensor functioning can be affected by changing either the attachment of FLN to F-actin and/or the tension response within the FLN structure (altered repeat domain unfolding). OPD mutant FLNA is expressed at wild-type levels in patient cells and ABD mutations, associated with skeletal disease, result in increased affinity for F-actin ). An elevated FLN affinity for F-actin will change the energetic balance between FLN F-actin dissociation versus FLN domain unfolding, disrupting cytoskeletal network force responses to applied stress leading to abnormal cell behaviour. Increased cross-linking activity could lead to greater force-induced FLN unfolding resulting in increased stress stiffening of F-actin networks (for the same FLN concentration). Gain-of-function mutations in FLN repeat domains, with no identified function, are associated with an identical disease phenotype to those found within the ABD, suggesting that these mutations also affect the biomechanical parameters of FLN/F-actin networks either by abnormal force-induced conformational rearrangement and/or altering F-actin interaction kinetics, thus disrupting downstream signalling events. FLNA and FLNB are widely expressed in all tissues, but it is skeletal development that is primarily affected by gain-of-function disease-associated mutations. Bone is the stiffest tissue, and as such represents an upper limit for cell substrate mechanosensing consistent with FLN playing a key role in cell stiffening via the active generation of cytoskeletal tension and cellular responses to external force. Countering this hypothesis is the unusual dual phenotype FLNA mutation, L2349M, that does not alter measurable mechanical properties ) but yet is not able to replace missing FLNA function (Zenker et al. 2004) ; the further biomechanical characterisation of other FLN diseaseassociated mutations is required.
Conclusions
As connectors between F-actin, the integrins and other signalling proteins, FLNs are key to coordinating biomechanical responses to force, EC matrix stiffness and/or adhesive properties, with intracellular consequences. It has long been established that FLN mediates essential cellular processes via mechanisms involving the dynamic crosslinking of F-actin filaments into elastic networks anchored to EC matrix adhesion sites and the scaffolding of signaling proteins to these networks. Recent accumulated evidence suggests the FLNs act as essential components of a finely tuned mechanosensor system associated with F-actin, membrane EC receptors and signalling proteins to facilitate force and matrix stiffness sensing. Mechanisms by which FLN responds to external force and EC matrix stiffness likely involve differential actin attachment and/or domain conformational rearrangement, influencing downstream cellular responses. With such a central role coordinating mechanical and signalling responses, it is perhaps not unexpected to find inherited mutations that alter FLN function associated with human disease. FLN has been termed a 'finely-tuned rheology regulator' (DiDonna and Levine 2007), and so it seems reasonable to propose that FLN gain-of-function mutations alter the tuning of this regulator. The exact mechanism of detuning by diseaseassociated mutations, whether it is via altered actin affinity and/or conformational properties, remains to be conclusively determined.
